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ABSTRACT 

Meteorological ly-caused acous t ic  f o c a l  zones surrounding s t a t i c  test  
f i r i n g s  of t h e  Sa turn  v e h i c l e  a r e  inves t iga t ed  both t h e o r e t i c a l l y  and 
empir ica l ly .  

General  equat ions  are developed f o r  r a y - t r a c i n g  a c o u s t i c  s i g n a l s  
from t h e i r  source  t o  po in t s  on t h e  e a r t h ' s  surface.  D e f i n i t i o n  i s  made 
o f  boundary condi t ions  which r e s u l t  i n  t h e  equat ions '  a p p l i c a t i o n  t o  t h e  
l o c a t i o n  of t h e  boundaries of  t h e  a f f ec t ed  areas .  The c a l c u l a t e d  f o c a l  
zone boundaries a r e  shown f o r  per iods covering 16 s t a t i c  tes t  f i r i n g s  
of t h e  Sa turn  a t  Marshall  Space F l i g h t  Center and a r e  compared t o  over- 
all sound p r e s s u r e  l e v e l  da t a  taken during t h e  f i r i n g s  a t  ranges up t o  
9 m i l e s .  

Empir ical  da t a  a r e  presented  showing t h e  r i s e  i n  o v e r - a l l  sound 
p r e s s u r e  l e v e l  r e s u l t i n g  from meteorological  focusing and showing the  
e f f e c t  o f  both inve r se  square law and excess a t t enua t ion .  
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Richard N. Tedrick 

SUMMARY 

Meteorological ly-caused acous t i c  f o c a l  zones surrounding s t a t i c  tes t  
f i r i n g s  of t h e  Sa turn  v e h i c l e  a r e  inves t iga t ed  both t h e o r e t i c a l l y  and 
emp i r  i ca 1 1 y. 

General  equat ions  are developed f o r  r ay - t r ac ing  a c o u s t i c  s i g n a l s  
from t h e i r  source  t o  po in t s  on t h e  e a r t h ' s  surface.  D e f i n i t i o n  i s  made 
o f  boundary condi t ions  which r e s u l t  i n  t h e  equat ions '  a p p l i c a t i o n  to t h e  
l o c a t i o n  of  t h e  boundaries of  t h e  a f f e c t e d  areas .  The c a l c u l a t e d  f o c a l  
zone boundaries are shown f o r  per iods covering 16 s t a t i c  t e s t  
f i r i n g s  of  t h e  Sa turn  a t  Marshall  Space  F l i g h t  Center and are compared 
t o  o v e r - a l l  sound p res su re  level data taken dur ing  t h e  f i r i n g s  a t  ranges 
up t o  9 m i l e s .  

Empir ica l  da t a  are presented  showing the  r ise  i n  o v e r - a l l  sound 
p r e s s u r e  level r e s u l t i n g  from meteorological  focusing and showing t h e  
e f f e c t  o f  both inve r se  square  l a w  and excess  a t tenuat ion .  

SECTION I. INTRODUCTION 

Seve ra l  au thors  (1, 2, 7, and 8) have shown t h a t  a c o u s t i c  energy 
propagat ing  away from t h e  e a r t h ' s  sur face  through t h e  atmosphere can, 
under s p e c i f i e d  circumstances,  be r e f r a c t e d  (bent )  back toward t h e  ground. 
I n  the pas t ,  t h i s  e f f e c t  has  r a r e l y  been of  i n t e r e s t  because of  t h e  l i m i t e d  
s i g n a l  s t r e n g t h s  which i t  w a s  poss ib l e  t o  s u s t a i n  over apprec i ab le  p e r -  
iods. However, s i n c e  t h e  development of t h e  l a r g e  rocke t  engine,  t h i s  
r e f r a c t i v e  e f f e c t  has  assumed g rea t e r  importance, e s p e c i a l l y  i n  t h e  
c i v i l i a n  areas surrounding t h e  t e s t  s i t e s  f o r  such l a r g e  rocke t  engines. 
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of 
of 

The a c o u s t i c a l  focusing problem posed by the  s t a t i c  t e s t  f i r i n g  
t h e  Sa turn  boos te r  a t  Marshall  Space F l i g h t  Center i s  g r e a t e r  because 
t h e  proximity of t h e  c i t y  of Huntsv i l le ,  Alabama. The c i t y  i s  on t h e  

no r th  and east  boundaries o f  Redstone Arsenal about  5 t o  1 2  m i l e s  
from t h e  Sa turn  T e s t  Tower. 

c 

Meteorological ly ,  t h e  MSFC-Huntsville area i s  dominated by a gene ra l  
wes te r ly-southwes ter ly  p r e v a i l i n g  wind pa t t e rn .  
t h i s  p a t t e r n  i n t e n s i f i e s  and is q u i t e  o f t e n  accompanied by a s t rong  su r -  
f ace  temperature  inversion.  This  causes t h e  a c o u s t i c  v e l o c i t y  p r o f i l e  
a long  t h e  azimuth toward t h e  c i t y  t o  assume propor t ions  s i m i l a r  t o  
FIGURE 1. Natural ly ,  such p r o f i l e s  do no t  occur  every day, nor  do they  
o f t e n  l a s t  more than a few hours. Nevertheless,  examination of p a s t  
meteoro logica l  da t a  shows t h a t  such focusing cond i t ions  may e x i s t  f o r  
vary ing  lengths  of t i m e  during any season o r  month. 

During t h e  win te r  months, 

There are two methods of reducing such a n o i s e  problem. One i s  t o  
reduce t h e  amount of  a c o u s t i c  energy which i s  r a d i a t e d  i n t o  t h e  atmosphere. 
The second i s  t o  t es t  under meteorological  condi t ions  which would no t  
r e t u r n  energy t o  s e n s i t i v e  areas. Undoubtedly t h e  f i r s t  approach would 
a l low t h e  va r ious  rocke t  p r o j e c t s  more d i s c r e t i o n  i n  t e s t  schedul ing,  bu t  

# s i n c e  p rogres s  i n  boos te r  cons t ruc t ion  has  exceeded muff le r  design, t h e r e  
i s  a need f o r  determining, on a rout ine  day-to-day bas i s ,  those  a r e a s  
which may be a c o u s t i c a l l y  a f f e c t e d  by l a r g e - s c a l e  rocke t  tests.  

Toward t h i s  end, an a n a l y t i c a l  method has been developed f o r  t h e  
computation of t h e  boundaries of t he  acous t i c  foca l  zones. 

SECTION 11. THEORY 

I n  o r d e r  t o  cons ider  t h e  pa th  of propagat ion of a c o u s t i c  energy, it 
i s  convenient t o  u t i l i z e  t h e  concept of t h e  "ray", L e . ,  an i n f i n i t e l y  
small segment of t h e  a c o u s t i c a l  wave f ront .  This  r ay  t r a c e s  a p a t t e r n  
which may be c a l l e d  t h e  r a y  pa th  as  i t  moves through t h e  medium a long  
wi th  t h e  res t  of t h e  wave. A t  each point  t h e  wave i s  normal t o  t h e  r a y  
pa th  through t h a t  point .  

The ray,  because of  i t s  incremental  dimensions, can be mathematical ly  
t r e a t e d  i n  t h e  same way as t h e  l i g h t  ray i n  op t i c s .  Not on ly  does t h i s  
device  enable  t h e  acous t i c i an  t o  s implify h i s  computational procedures,  
but  by r e l a t i n g  t h e  convergence o r  divergence of t h e  r ays  t o  t h e  normally- 
assumed s p h e r i c a l  r a d i a t i o n ,  he  can approximate t h e  ga in  o r  loss  i n  s i g n a l  
s t r e n g t h  due t o  such r e f r a c t i o n .  
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S n e l l ' s  Law, when a p p l i e d  t o  a c o u s t i c a l  energy t r a v e l l i n g  through 
a h o r i z o n t a l l y - s t r a t i f i e d  atmosphere where each l a y e r  of such an atmos- 
phere  con ta ins  a cons tan t  v e l o c i t y  g rad ien t ,  takes t h e  fom.  

C = -  C cos 8 = - * max cos 9 * Y C  
'max 

8 i s  t h e  ang le  which t h e  r a y  makes wi th  t h e  h o r i z o n t a l  a t  t h e  a l t i t u d e  
where t h e  v e l o c i t y  of sound along the pa th  of propagat ion is  C. 
i s  t h e  a c o u s t i c  v e l o c i t y  a t  t he  a l t i t u d e  where t h e  ray  pa th  i s  horizon- 
t a l .  (3) 

Cmax 

Equation 1 s ta tes  t h a t  i f  t h e  a t t i t u d e  (angle  from t h e  ho r i zon ta l )  
and t h e  v e l o c i t y  of sound a t  some given a l t i t u d e  i s  known, the  a t t i t u d e  
of  t h e  r ay  may be c a l c u l a t e d  f o r  every he igh t  where t h e  v e l o c i t y  o f  sound 
is known. Thus, a l l  t h a t  i s  needed t o  t r a c e  t h e  pa th  of a sound r a y  as 
it  moves through t h e  atmosphere is  t h e  a c o u s t i c  v e l o c i t y  p r o f i l e  and one 
measured o r  def ined  angle. 

I f  one is  i n t e r e s t e d  i n  c e r t a i n  wel l -def ined  boundary cond i t ions  where 
(by d e f i n i t i o n )  t h e  a t t i t u d e  i s  known, then it  i s  p o s s i b l e  t o  determine 
t h e  r a y  pa ths  def ined  by those  conditions.  The i n t e r s e c t i o n  of t h e s e  
r a y  pa ths  with t h e  e a r t h ' s  su r f ace  w i l l  de f ine  t h e  boundaries o f  t h e  i n t e r -  
s e c t i o n  of  t h e  e n t i r e  a c o u s t i c  wave f r o n t  wi th  t h e  ground. 

The aforementioned problem here is  one of l o c a t i n g  t h e  boundaries  
o f  one o r  more zones which may be subjec ted  t o  focusing o f  a c o u s t i c  energy. 
These boundary condi t ions  may be def ined w i t h i n  t h e  accuracy l i m i t s  p laced  
upon t h e  problem by t h e  meteorological  d a t a  a c q u i s i t i o n  techniques.  The 
boundaries may be considered t o  be determined by two angles;  t h e  minimum 
and t h e  maximum angles  wi th  which energy can o r i g i n a t e  a t  t h e  sou rce  and 
be  r e f r a c t e d  back t o  e a r t h  i n  a s ing le  continuous wave. I f  t h e r e  are 
s e v e r a l  waves (or more p rec i se ly ,  s e v e r a l  po r t ions  of t h e  same a c o u s t i c  
f r o n t )  which r e t u r n  t o  ea r th ,  a corresponding r i se  occurs  i n  t h e  number 
of  boundaries  t o  be ca lcu la ted .  

The v e l o c i t y  p r o f i l e  may be assumed t o  fol low t h e  genera l  p a t t e r n  
shown i n  FIGURE 2 i n  those  cases i n  which focusing is  important. Of 
course,  t h i s  p a t t e r n  may vary  o r  may be composed o f  a number of smaller 
l a y e r s  which fol low t h e  genera l  trend o f  FIGURES 2 and 3. I n  some cases 
t h e  a l t i t u d e ,  h ,may be zero. 1 
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Assuming an a c o u s t i c  source  a t  t h e  sur face ,  t h e  lowest p o s s i b l e  
ang le  of transmission i s  ze ro  degrees. Because an a c o u s t i c  f r o n t  bends 
toward t h e  lower v e l o c i t y  end of any g r a d i e n t  when C1 i s  less than  C 

t h i s  grazing r a y  w i l l  curve upward. 

is C1 and the a t t i t u d e  of t h e  r a y  may be  expressed: 

0’ 

A t  he igh t  hl, t h e  v e l o c i t y  of sound 

cos e = C1/Cmax 

However, fo r  t h i s  ray,Cmax i s  equal t o  Co s i n c e  t h e  sound t r a v e l s  
h o r i z o n t a l l y  a t  t h e  sur face .  Equation 2 then  becomes: 

COS e = c /c (3) 1 0  

It may be seen t h a t  a t  height, hb, where C i s  equal  t o  Cot cos 0 
equals  un i ty  and, t he re fo re ,  t h e  boundary r a y  has  been bent  t o  t h e  
ho r i zon ta l .  S ince  any increment o f  p o s i t i v e  g r a d i e n t  above t h e  level, 
hb,would cause t h e  cos ine  t o  be g r e a t e r  than one, h b l  may be cons idered  
a s  t h e  zeni th  a l t i t u d e  o f  one of t h e  boundary rays. 

In  a layer of th ickness ,  h, bounded by v e l o c i t i e s  Cn and Cn+l  and 
con ta in ing  a cons tan t  v e l o c i t y  g rad ien t ,  t h e  r a y  pa th  fo l lows  an a r c  of 
a c i r c l e  which i s  subtended by t h e  angles  0, and 0n+.1 as shown i n  FIGURE 4 
The h o r i z o n t a l  d i s t a n c e  t r a v e r s e d  by t h e  sound i n  the l a y e r  i s  given 
by t h e  equation: 

Since, assuming a h o r i z o n t a l l y - s t r a t i f i e d  atmosphere, t h e  a c o u s t i c  
r a y  passes twice through each layer ,  t h e  h o r i z o n t a l  d i s t ance ,  R, from 
t h e  source  to  t h e  r e i n c i d e n t  p o i n t  is  equal  t o  tw ice  t h e  summation of  X. 

X 
R = 2  L (5) 

c = o  
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Another boundary of t h e  r e i n c i d e n t  energy zone may be found by 
consider ing the  maximum ang le  of  t ransmiss ion  which can r e s u l t  i n  energy 
being r e f r a c t e d  back t o  dar th .  This w i l l  occur t o  the  r ay  which i s  
ho r i zon ta l  a t  t he  m a x i m u m  ve loc i ty .  Equation 1, f o r  t h e  condi t ion  i n  
FIGURE 1, then becomes: 

cos  0, = 5 
c2 

Using t h i s  new va lue  of 8, i n  Equations 4 and 5, R i s  c a l c u l a t e d  
i n  t h e  same way as above. 

The atmosphere sometimes becomes f a i r l y  complex and t h e  r e s u l t i n g  
acousLic v e l o c i t y  p r o f i l e s  then may con ta in  s e v e r a l  l o c a l  maxima and 
minima. below the  o v e r - a l l  maximum By d e f i n i t i o n ,  a maximum po in t  on 
t h e  sound v e l o c i t y  p r o f i l e  i s  one wherejabove and below i t  i n  a l t i t u d e ,  
t h e  ve loc i ty  i s  l e s s  than a t  t h a t  po in t ,  o r  pu t  another  way, any level  
which has a p o s i t i v e  g rad ien t  beneath and a nega t ive  g rad ien t  above. 
S ince  the nega t ive  g rad ien t  w i l l  bend t h e  sound upward while  t h e  p o s i t i v e  
grad ien t  bends i t  down, t h e r e  w i l l  r e s u l t  a dead zone from t h a t  a l t i t u d e  
t o  some poin t  on the  ground. 

S ign i f i can t  l e v e l s  a r e  those a l t i t u d e s  a t  which occur t h e  above- 
mentioned maxima and minima. With the  except ion of t he  o v e r - a l l  maximum, 
f o r  each l o c a l  maximum t h e r e  is some a l t i t u d e  above i t  a t  which t h e  
v e l o c i t y  equals  t h a t  l o c a l  maximum. This  is  a boundary leve l .  There i s  
a radius ,  R, t o  be c a l c u l a t e d  f o r  each maximum and each boundary leve l .  
Thus, i n  FIGURE 2, t h e r e  would be two r e i n c i d e n t  foca l  zones; one bounded 
by t h e  values  of R c a l c u l a t e d  f o r  h e i g h t s  Hbl and ha, t he  o the r  by va lues  
of R for  he igh t s  hb2 and h2. 

I n  FIGURE 3, t h e  meteorological  condi t ions  f o r  t h e  MSFC-Huntsville 
area a t  1640 CST on December 20, 1960 a r e  shown. 
35 degrees from t h e  source,  l o c a l  maxima occur a t  500 and 1,500 f e e t  
above the s u r f a c e  and r e s u l t  i n  dead zones i n  t h e  s u r f a c e  from 10 t o  20 
thousand feet and 27 t o  49 thousand f e e t  range, r e spec t ive ly .  
a l l  maximum occurs  a t  a 5,000-foot a l t i t u d e .  Assuming an i d e a l i z e d  
hemispherical  sound source  a t  t h e  sur face ,  any sound generated on t h e  
i n i t i a l  hemisphere wi th  an angle  g r e a t e r  than 18 degrees 48 minutes would 
n o t  have r e tu rned  t o  t h e  ground wi th in  t h e  f i r s t  80,000 f e e t  (approximately 
15 miles).  It i s  p o s s i b l e  t h a t  p o s i t i v e  g r a d i e n t s  above the  a r b i t r a r i l y -  
chosen 10,000- foot  c e i l i n g  on meteoro logica l  observa t ions  may have caused 
acous t i c  focusing beyond t h i s  range. 
f o c a l  regions would have been s u f f i c i e n t l y  long t o  a t t e n u a t e  the  a c o u s t i c  
s i g n a l  below the  damage and personnel  i r r i t a t i o n  leve ls .  

Along an azimuth of 

The over- 

However, t h e  pa th  length  t o  such 
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Up t o  t h i s  po in t ,  i t  has been assumed t h a t  t h e  v e l o c i t y  p r o f i l e  i s  
known. Usual ly  t h e  only  informat iona l  input  i s  from radiosonde data.  
T h i s  g ives ,  i n  t a b u l a r  form, t h e  temperature, T, and t h e  wind speed, v, 
and d i r e c t i o n ,  OC,  as func t ions  of a l t i t u d e ,  H, above mean sea leve l .  

S ince  t h e  wind i s  a v e c t o r i a l  quantity,  the e f f e c t  o f  the wind upon 
t h e  v e l o c i t y  of sound propagation i s  a f f e c t e d  by the wind d i r e c t i o n ,  a, 
and t h e  azimuth, p, along which t h e  various R ' s  w i l l  b e  ca l cu la t ed .  If. 
0 i s  def ined  as t h e  ang le  between a and @ then: 

c 

4 

r 

C = 1052 + 1.106T + 1.467V  COS^, 

where V i s  i n  m i l e s  p e r  hour, T i n  degrees Fahrenheit ,  and C i n  f e e t  
p e r  second. 

I f  a i s  less than  90 degrees, then t h e  s i g n  o f  V cos tl i s  negative.  

Thus, because of t h e  e f f e c t  of the wind d i r e c t i o n s  i n  t h e  v a r i o u s  
layers ,  the  a c o u s t i c  v e l o c i t y  p r o f i l e s  w i l l  va ry  wi th  azimuth and t h e  
.values o f  R w i l l  need t o  be r eca l cu la t ed  f o r  each a p p l i c a b l e  azimuth. 

SECTION 111. DISCUSSION 

I n  o r d e r  t o  have u s e f u l  and e f f e c t i v e  p l o t s  o f  t h e  f o c a l  zones, i t  
w a s  dec ided  t h a t  a c o u s t i c  v e l o c i t y  p r o f i l e s  needed t o  be c a l c u l a t e d  f o r  
each 5 degrees of azimuth. S ince  the re  are 2 1  meteoro logica l  d a t a  l e v e l s ,  
t h i s  r e s u l t s  i n  t h e  va lue  of C being ca l cu la t ed  1,512 t i m e s  from Equation 
7. Actually,  over 50,000 s e p a r a t e  c a l c u l a t i o n s  have t o  be made f o r  each 
run  i n  o r d e r  t o  compute every va lue  of t h e  rad ius ,  R, r e s u l t i n g  from 
j u s t  t h e  f i r s t  10,000 f e e t  of meteorological data. For obvious reasons,  
t h e  boundary zone problem was programmed f o r  a d i g i t a l  computer. 

The a c o u s t i c  f o c a l  zone boundaries f o r  Sa tu rn  tes ts  SAT-01 through 
SAT-13 and SA-01 through SA-03 a r e  shown i n  FIGURES 5 through 20. 
me teo ro log ica l  d a t a  from which t h e s e  boundaries were c a l c u l a t e d  are shown 
i n  TABLE I. These d a t a  were taken from radiosonde ba l loon  f l i g h t s .  They 
are  p resen ted  i n  TABLE I. . 

The 

Because of t h e  wide range of azimuths from t h e  Sa tu rn  tes t  tower t o  
t h e  R u n t s v i l l e  c i t y  l i m i t s ,  on ly  about 31 percent  of t h e  t es t s  were per- 
formed a t  t i m e s  where no focusing a t  a l l  occur red  w i t h i n  t h e  c i t y  l i m i t s .  
However, no evidence of  r e f r a c t e d  sound i n  t h e  main downtown a r e a  was 
found i n  approximately 80 percent  o f  tne f i r i n g s .  
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I n  o rde r  t o  b e t t e r  judge the e f f e c t s  o f  meteoro logica l  focusing, 
MSFC personnel  were ass igned  t o  monitor va r ious  loca t ions  wi th  sound- 
l e v e l  measuring equipment dur ing  l a t e r  t e s t  periods.  The r e s u l t s  of 
t h e s e  measurements are shown along wi th  t h e  f o c a l  areas i n  FIGURES 14 
through 20. 
p r e d i c t e d  f o c a l  areas. The boundaries appear t o  be f a i r l y  wel l -def ined  
but  are s u b j e c t  t o  some shadow zone d i f fus ion .  
expla ined  by Huygen's p r i n c i p l e  which s t a t e s  t h a t  no f i n i t e  energy wave 
t r a v e l l i n g  i n  an  i n f i n i t e  homogeneous medium may t r a v e l  i n  only  one 
d i r e c t i o n  s i n c e  each po in t  on t h e  wave f r o n t  a c t s  as a new po in t  source.  
There would be, consequently,  some energy s p i l l - o u t  i n t o  any shadow zone. 

A s  can be seen, t h e  measurements g e n e r a l l y  agree  wi th  t h e  

Th i s  d i f f u s i o n  may be 

The f a r - f i e l d  measurements a re  shown i n  FIGURES 21 through 28. The 
e ight -engine  Sa turn  C - 1  conf igura t ions  which were t e s t e d  had a nominal 
t h r u s t  o f  1 . 3  m i l l i o n  pounds and an a c o u s t i c  e f f i c i e n c y  of approximately 
0.7 percent.  SAT-10 w a s  on ly  a two-engine test .  Inc luded  f o r  r e f e r e n c e  
i n  t h e s e  f i g u r e s  are t h e  curves for i n v e r s e  square law a t t e n u a t i o n  and 
a t t e n u a t i o n  due t o  humidity and molecular absorp t ion . (4)  The la t te r  
a t t e n t u a t i o n  curve was based r a the r  a r b i t r a r i l y  upon a loss  of  4db sound 
p r e s s u r e  (SPL) per  m i l e .  This  f igu re  a p p e a r s  t o  f i t  t h e  empir ica l  d a t a  
reasonably w e l l .  

However, i t  can be seen t h a t  t h i s  p a r t i c u l a r  loss  f i g u r e  i s  q u i t e  
weather-dependant and i s  s u b j e c t  t o  some r a t h e r  r a p i d  changes upon 
e n t e r i n g  f o c a l  zones. It would appear from cons ide ra t ion  of t h e  empi r i ca l  
SPL d a t a  t h a t  t h e  r e s u l t  of one o r  more f o c a l  areas i s  t h e  upward s h i f t  
of  t h e  whole SPL curve a c e r t a i n  number of dec ibe ls .  It appears  a l s o  
t h a t  t h e s e  s h i f t s  are  add i t ive ,  r e s u l t i n g  i n  an apparent  r i se  i n  t h e  
sound p r e s s u r e  l e v e l  of t h e  source. 

The f o c a l  condi t ions  noted r e s u l t e d  i n  a p p r o p r i a t e  r i s e s . i n  measured 
sound p res su re  leve ls .  However, during SAT-12, an abrupt  r i s e  w a s  noted 
a t  approximately two m i l e s  from the source  along an  azimuth where no 
focus w a s  an t i c ipa t ed .  One poss ib le  exp lana t ion  o f  such an occurrence 
l ies i n  t h e  manner i n  which t h e  meteorological  da t a  are reduced. The d a t a  
are p r e s e n t l y  provided a t  f ixed  500-foot a l t i t u d e  increments because o f  
t h e  requirements  of o t h e r  p r o j e c t s  u t i l i z i n g  t h e  data.  I f  t he  maxima 
and minima which a r e  of i n t e r e s t  do no t  appear a t  those p r e c i s e  l e v e l s ,  
then  they  are, t o  a l l  ex ten t s ,  lost and on ly  t h e  l a r g e r  t r ends  become 
d i sce rn ib l e .  S ince  normally t h e  most  v i o l e n t  of t h e s e  l o c a l  inhomogenities 
occur  near  t h e  sur face ,  t h e i r  r e s u l t s  could be expected t o  become ev iden t  
w i t h i n .  t h e  f i r s t  few miles. 

Thus, i f  somewhere between the 1,000- and 1,500-foot boundaries,  
t h e r e  e x i s t e d  a l a y e r  which contained a wind only  5 t o  7 m i l e s  p e r  hour 
h ighe r  than  t h a t  measured a t  t h e  1,500-foot boilndary, t h e  c a l c u l a t e d  
f o c a l  a r e a  boundary would have been s e v e r a l  m i l e s  n e a r e r  than t h a t  shown 
i n  FIGURE 16. Such an occurrence may be s t r o n g l y  suspec ted  from t h e  
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l e v e l s  measured. The above gap i n  t h e  data  might thus  be reso lved  i f  t h e  
meteorological  parameters were r epor t ed  i n  what t h e  U. S. Weather Bureau 
c a l l s  " s ign i f i can t  levels",  i. e., important l o c a l  maxima and minima. Such 
a p resen ta t ion  would probably a l s o  inc rease  t h e  accuracy wi th  which t h e  
known l aye r  boundaries are ca l cu la t ed ,  s i n c e  they  a l s o  are c a l c u l a t e d  
from t h e  acous t ic  v e l o c i t y  a t  t h e  n e a r e s t  500-foot level. 

SECTION IV. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

Analy t ica l ly ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e ,  w i t h i n  t h e  l i m i t a t i o n s  
of  t h e  a v a i l a b l e  meteoro logica l  data ,  t he  boundaries of  areas i n  which 
a c o u s t i c a l  focusing is  l i k e l y  t o  occur. Such focusing, i n  t h e  case of 
boos t e r s  of the Saturn c l a s s ,  may r e s u l t  i n  i nc reases  i n  sound p res su re  
l e v e l  of up t o 3 0  dec ibe l s .  
l o g i c a l  parameters, i t  should be p o s s i b l e  t o  conduct l a r g e - s c a l e  boos te r  
tests wi th  no adverse community reac t ion .  

By j u d i c i o u s  monitor ing of t he  meteoro- 

It appears,on t h e  b a s i s  of p re sen t ly  a v a i l a b l e  data, t h a t  t h e  n o i s e  
from Saturn  s t a t i c  t e s t  f i r i n g s  is a t t enua ted  a t  a r a t e  approximately 
equal  t o  tha t  o f  t h e  inve r se  square  law p lus  an  excess  a t t e n u a t i o n  of 
4 d e c i b e l s  per m i l e  f o r  a t  least t h e  f i r s t  9 m i l e s .  

Work should proceed toward t h e  development of an a c c u r a t e  means 
of predetermining t h e  sound p res su re  l e v e l  d i s t r i b u t i o n  w i t h i n  f o c a l  
areas which a r e  loca t ed  by t h i s  method. 



TABLE I 

EST: SAT-1 
ATE: 3-28-60 
m: 0900 

EST: SAT-2 
ATE: 4-6-60 
DE: 1605 

ALTITUDE (FT) 

Surf  ace 
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8 500 
9000 
9500 

Sur  face 
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9500 

~ 

TEMP (OF) 

68. 2 
66. 0 
64.0 
61. 9 
60.4 
57. 7 
56. 3 
53.8 
53.3 
50.0 
48. 7 
46. 6 
45.0 
42. 8 
41.0 
39. 5 
38. 1 
36. 7 
35.4 
33. 7 

77. 5 
74.3 
71. 6 
68.0 
64. 7 
63. 7 
60. 1 
57. 6 
56. 3 
53.9 
52.0 
50. 2 
48. 2 
46.4 
44.0 
42. 8 
40. 6 
38. 7 
36. 5 
34. 1 

WIND DIR. 

3 15 
300 
260 
280 
290 
240 
240 
240 
240 
230 
23 0 
23 0 
230 
230 
23 0 
230 
230 
230 
23 0 
230 

20 5 
215 
2 25 
240 
240 
245 
250 
255 
260 
260 
265 
265 
27 0 
27 0 
280 
28 5 
290 
29 5 
300 
300 

WIND MPH 

1 2  
13 
15 
16 
15 
16 
1 7  
1 7  
16 
14 
14 
1 2  
1 2  
1 2  
1 2  
12  
1 2  
13 
15 
14 

18 
20 
23 
26 
30 
33 
35 
40 
42 
46 
49 
58 
57 
56 
53 
50 
49 
49 
49 
49 
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'EST: SAT-3 
)ATE: 4- 29-60 
'IME: 1745 

'EST: SAT-4 
)ATE: 5- 1 7 -  60 
IIME: 1700 

TABLE I. (Cont 'd) 

ALTITUDE (FT) 

Surface 
500 

1000 
1500 
2000 
2500 
3000 
3 500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9500 

Sur face  
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7 500 
8000 
8500 
9000 
9500 

TEMP (OF) 

79. 2 
77.0 
75. 2 
73.0 
69. 1 
68.0 
66. 2 
65. 3 
60.8 
56. 3 
53. 6 
51.8 
50.0 
48. 2 
47.3 
46. 4 
45. 5 
45.0 
44. 2 
43.7 

86. 3 
83. 5 
80. 1 
76.8 
73.4 
70.0 
67. 6 
65. 3 
62. 6 
60. 2 
58. J: 
57.0 
57.0 
60. 9 
59. 3 
57. 9 
56.0 
54. 6 
52. 0 
49. 8 

WIND DIR. 

290 
28 5 
28 5 
290 
28 0 
28 0 
280 
27 5 
27 0 
250 
23 5 
2 25 
2 20 
2 20 
2 20 
220 
2 20 
2 20 
2 20 
2 20 

200 
220 
24 5 
27 5 
27 5 
270 
270 
27 5 
27 5 
280 
280 
28 5 
28 5 
290 
290 
290 
290 
290 
2 90 
28 5 

WIND MPH 

10 
13 
15 
16 
16 
16 
1 7  
1 7  
19 
16 
19 
21 
23 
24 
24 
25 
25 
26 
28 
29 

6 
9 

10 
1 2  
13 
13 
13 
14 
16 
1 7  
19 
21 
21 
21 
21 
21 
22 
21 
22 
23 
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TABLE I. (Cont'd) 

'EST: SAT-5 
)ATE: 5- 26- 60 
'IME: 1700 

'EST: SAT-6 
)ATE: 6-3-60 
IIME: 1700 

ALTITUDE (FT) 

Surface 
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9500 

Sur f ace  
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7 500 
8000 
8500 
9000 
9500 

TEMP (OF) 

75. 2 
73.4 
71. 6 
69. 4 
67. 6 
65. 7 
6 3 .  7 
61. 5 
57.7 
57. 5 
55. 6 
53. 6 
51. 8 
49. 8 
47. 5 
45. 5 
43. 5 
41. 6 
40.1 
37.4 

75.4 
74.1 
72. 1 
70. 7 
68. 7 
66. 6 
64. 6 
63.0 
61. 1 
59.3 
57.4 
55.4 
53. 6 
51.8 
49.8 
48.0 
45. 5 
44. 2 
42. 8 
41. 3 

WIND DIR. 

120 
140 
160 
170 
180 
190 
195 
20 5 
210 
220 
225 
225 
230 
23 5 
225 
2 20 
2 20 
2 20 
2 20 
2 20 

xxx 
xxx 
xxx 

45 
30 
20 
15 
10 
10 

5 
3 60 
3 50 
3 50 
3 50 
3 60 
10 
10 
10 
10 
10 

W I N D  MPH 

4 
1 2  
20 
25 
26 
27 
28 
27 
27 
27 
26 
25 
23 
23 
24 
25 
26 
27 
27 
23 

calm 
calm 
calm 

5 
7 

10 
13 
16 
16 
16 
15 
14 
12  

9 
6 
4 
5 
8 

10 
13 
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TABLE I. (Cont'd) 

TEST: SAT-7 
DATE: 6-8-60 
urn: 1700 

IIEST: SAT-8 
DATE: 6- 15- 60 
r m :  1700 

ALTITUDE (FT) 

Surface 
500 

1000 
1500 
2000 
2500 
3000 
3 500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9500 

Surface 
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
,6000 
6500 
7000 
7 500 
8000 
8500 
9000 
9500 

TEMP (OF) 

86.0 
82. 4 
79. 2 
76. 6 
73. 6 
71. 6 
69. 4 
66. 3 
64.5 
62. 4 
60. 2 
57. 6 
55.4 
52. 7 
51. 6 
50.0 
48.4 
47. 7 
46. 2 
44. 6 

83. 3 
82. 0 
80. 7 
79. 4 
78. 1 
76.8 
75. 5 
74. 2 
72. 9 
71. 9 
70.3 
69. 0 
67. 7 
66.4 
66. 1 
65. 8 
64. 5 
63. 2 
61. 9 
60.6 

WIND DIR. 

xxx 
XXX 
xxx 

20 
20 
25 
30 
30 
30 
20 
25 
30 
45 
50 
55 
55 
55 
55 
45 
45 

3 50 
3 50 
3 50 
3 50 
330 
300 
280 
2 60 
260 
270 
27 0 
27 0 
265 
260 
24 5 
240 
240 
210 
200 
190 

WIND MPH 

calm 
calm 
calm 

8 
8 
7 
6 
5 
5 
4 
4 
4 
4 
6 
7 
8 
9 
7 
7 
8 

4 
1 2  
11 
10 
10 
11 
15 
22 
30 
40 
40 
38 
35 
32 
30 
29 
30 
33 
36 
40 
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, 

EST: SAT-9 
IATE: 12- 2- 60 
r m :  1650 

:EST: SAT-10 
IATE: 12- 10- 60 
:IME: 1604 

. 

TABLE I. (Cont'd) 

ALTITUDE (FT) 

Surf ace 
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9500 

Surface 
50 0 
1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6 500 
7000 
7500 
8000 
8500 
9000 
9500 

CEMP (OF) 

45.5 
42. 9 
41.4 
39.3 
37.9 
38.8 
39.4 
40. 6 
41.3 
41.3 
40.1 
38. 6 
37.0 
35.4 
33.8 
32.0 
30.4 
28.8 
27. 5 
25. 9 

51. 6 
50. 7 
50. 7 
50. 9 
50.0 
48.4 
46. 9 
45.3 
44. 1 
42. 3 
41. 6 
40. 8 
41.0 
41. 7 
41. 9 
41. 2 
40.6 
39.4 
38. 1 
37. 6 

WIND DIR. 

xxx 
XXX 
xxx 
210 
180 
155 
130 
130 
135 
150 
160 
190 
210 
23 0 
24 5 
240 
23 5 
240 
250 
260 

330 
3 10 
3 10 
305 
290 
290 
28 5 
280 
27 5 
27 5 
265 
255 
250 
240 
250 
250 
240 
240 
240 
23 0 

WIND MPH 

calm 
calm 
ca In 

3 
4 
6 
7 
9 
9 
7 
7 
5 
6 
8 
10 
11 
12 
12 
14 
14 

6 
8 
14 
13 
13 
14 
15 
16 
17 
17 
17 
18 
16 
15 
16 
17 
19 
21 
22 
23 
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TABLE I. (Cont 'd) 

[IEST: SAT-11 
)ATE: 12- 20- 60 
CIME: 1640 

- 

CEST: SAT-12 
)ATE: 1-3 1- 61 
CIME: 1700 

ALTITUDE (FT) 

Surface 
500 

1000 
1500 
2000 
2500 
3 000 
3 500 
4000 
4500 

5 500 
6000 
6500 
7000 
7 500 
8000 
8500 
9000 
9500 

5000. 

Surface 
500 

1000 
1500 
2000 
2500 
3000 
3 500 
4000 
4500 
5000 
5 500 
6000 
6500 
7000 
7 500 
8000 
8500 
9000 
9500 

TEMP (OF) 

51. 4 
50. 0 
49. 8 
48. 7 
47. 8 
46. 7 
45.3 
44.1 
42. 8 
41. 2 
40. 1 
38.8 
37.4 
35. 9 
34. 3 
33. 2 
30.7 
29. 5 
27. 5 
26. 1 

45. 5 
44. 1 
42. 7 
41. 6 
40. 5 
39. 2 
38.0 
36. 9 
37.8 
39.0 
39.0 
38. 5 
39. 9 
42. 7 
43. 2 
43. 2 
41. 0 
39. 2 
37. 2 
35.0 

WIND D I R .  

210 
190 
17 5 
185 
180 
190 
195 
20 5 
2 10 
215 
215 
2 20 
2 20 
2 20 
225 
2 25 
2 25 
2 20 
2 20 
2 20 

240 
240 
230 
23 5 
240 
250 
260 
270 
27 5 
280 
280 
280 
28 5 
290 
24:, 
300 
305 
30 5 
29 5 
295 

WIND MPH 
~~~~ ~~ 

8 
30 
37 
48 
49 
50 
52  
54 
57 
58 
60 
60 
60 
61 
58 
50 
55 
57 
62 
66 

4 
5 

12  
15 
17 
17 
16  
17 
23 
27 - 
3 5  
41 
42 
4 2  
35 
28 
23 
23 
24 
26 
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'EST: SAT-13 
)ATE: 2- 14- 6 1 
'IME: 1645 

IEST: S A - 0 1  
)ATE: 4- 29- 61  
IIME: 1638 

TABLE I. (Cont 'd) 

ALTITUDE (FT) 

Surface 
500 

1000 
1500 
2000 
2500 
3000 
3 500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7 500 
8000 
8500 
9000 
9500 

Surface 
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7 500 
8000 
8 500 
9ouo 
9500 

TEMP (OF) 

65. 7 
63.3 
61. 3 
59.4 
57.4 
55. 6 
53. 6 
51. 6 
49. 6 
47.8 
45. 9 
43. 5 
41. 7 
39. 7 
37.7 
40.8 
41.0 
39.0 
37. 2 
35.1 

66. 9 
64. 2 
61. 3 
58.8 
55. 9 
53.4 
50.4 
47. 7 
45. 1 
42. 4 
41.7 
41. 7 
39. 2 
39. 2 
37. 6 
36. 1 
34. 9 
33.4 
32. 2 
35.1 

WIND DIR. 

xxx 
xxx 
xxx 
270 
23 0 
23 0 
23 5 
250 
2 60 
270 
27 0 
270 
27 0 
270 
27 0 
27 0 
270 
270 
27 0 
27 0 

xxx 
xxx 
260 
270 
28 0 
290 
300 
3 10 
315 
315 
3 10 
30 5 
300 
3 00 
29 5 
295 
295 
295 
29 5 
29 5 

WIND MPH 

calm 
calm 
calm 

22 
29 
29 
3 6  
36 
36  
45 
51  
67 
67 
74 
7 4  
8 1  
8 1  
8 1  
87 
87 

calm 
calm 

2 
2 
4 
4 
4 
7 
11 
15 
25 
3 1  
38 
40 
40 
40 
40 
43 
43 
45 
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TARLE I. 

'EST: SA-02 
IATE: 5-5-61 
'IME: 1610 

'EST: SA-03 
)ATE: 5-11-61 
'IME: 1550 

ALTITUDE (FT) 

Sur face  
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 

5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9 500 

Surface  
500 

1000 
1500 
2000 
2500 
3000 
3 500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7 500 
8000 
8500 
9000 
9500 

5000 

(Con t ' d )  

TEMP ( O F )  

84. 7 
81. 9 
79. 2 
76. 6 
73. 6 
70. 9 
68. 2 
66. 7 
63. 7 
61.0 
58.8 
57.0 
55. 6 
53.4 
52. 7 
51.4 
48. 9 
46. 9 
45. 1 
43.5 

76. 1 
72. 7 
69.8 
66. 2 
63.3 
60.4 
57.4 
55.0 
52. 5 
50.0 
48.4 
46. 6 
44.8 
43.0 
40.8 
39.0 
36.3 
34.5 
32. 2 
30.4 

WIND DIR. 

200 
195 
190 
190 
190 
190 
190 
195 
18 5 
18 5 
185 
190 
200 
20 5 
21 5 
225 
230 
23 5 
23 5 
23 5 

1 20 
110 
100 
100 
10 5 
100 
LOO 

95 
95 
95 
90 
80 
75 
70 
60 
50 
50 
50 
50 
50 

11 
16 
20 
18 
16 
1 6  
16 
18 
20 
22 
27 
31 
34 
36 
36 
34 
34 
36 
36 
40 

~ 

5 
9 

16 
18 
20 
20 
22 
22 
20 
20 
18 
18 
18 
20 
22 
18 
20 
20 
25 
27 
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VELOCITY OF SOUND (FPS) 

FIGURE 1. VELOCITY OF SCUND PROFILE TOWARD HUNTSVILLE 



AETITUDE 
h2 
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VELOCITY 

FIGURE 2. CALCULATED SOUND RAYS FOR S A W N  TEST - 
DECEMBER 20, (ALTITUDE VERSUS VELOCITY) 
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Ah = hn+l-h, 
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FIGURE 4 .  RAY PATH 
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FIGURE 5 .  TEST SAT-01, MARCH 3, 1960 
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FIGURE 6. TEST SAT-02, APRIL 6 ,  1960 



FIGURE 7.  TEST SAT-03, APRIL 29, 1961 



FIGURE 8. T E S l  S4T-04,  N A Y  17 ,  1960 



F I G U R E  9. TEST SAT-05, MAY 26, 1960 





r 77 

\ 

FIGURE 11. TEST SAT-07, J U N E  3, 1960 



. I  

FIGURE 12. TESC SAT-08,  JUNE 15, 1960 
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FIGURE 13. TEST SAT-09, DECEMBER 2, 1960 
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FIGURE 14. TEST SAT-10, DECEMBER 10, 1960 
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FIGURE 15. TEST SAT-11, DECEMBER 20, 1960 
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FIGURE 16. TEST SAT-12, JANUARY 31, 1961 
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FIGURE 17. TEST SAT-13, FEBRUARY 14, 1961 
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FIGURE 19. TEST SA-02, MAY 5, 1961 
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